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One of the common methods for cloning polymerase chain reaction (PCR) products is overhanging-end cloning (also known as sticky-end or directional cloning). Frequently, it is not possible to use restriction enzyme sites already present in the amplified product, and primers that encode recognition sites of restriction endonucleases in addition to the specific sequence have to be designed. After amplification of the target sequence with these primers, the PCR products are purified, digested with restriction enzymes and cloned into vectors treated with the same enzymes. However, it has been found that many restriction enzymes fail to cleave at the end of PCR fragments (1) (2) (3) (4) (5) . To circumvent this problem, the addition of at least three more nucleotides at the end of a restriction site (1) was suggested. In contrast to this, it was claimed in one study that even 3-4 extra bases might be insufficient for reliable cutting (3). Some publications (4, 5) and commercial catalogues contain lists of base pair extensions required for efficient restriction endonuclease cleavage near DNA termini. One major disadvantage of these lists is that they are all based on experiments in which a plasmid vector has been subsequently digested with two enzymes specific for neighboring cleavage sites. Because the distance of the two restriction sites in a plasmid vector is predetermined, these lists give no information about the minimal number of base pairs really necessary for the restriction enzyme to successfully attach to its cleavage site; furthermore, the experiments have not been performed with PCR products. We perVol. 24, No. 4 (1998) Figure 1 . Scheme of the assay for reproducible cleavage of PCR products. The target sequence was amplified with primer NE1 and composite primer NE2/NE1. The resulting chimeric target sequence containing two terminal NE1 primer recognition sequences was then amplified with one primer composed of the sequence NE1, the restriction enzyme recognition site and 0-3 additional nucleotides at the 5 ′ terminus (NE1/RRS/xnt). After purification by microconcentrators or ethanol precipitation, the PCR products were digested with the respective restriction endonucleases and analyzed on an ethidium bromide-stained agarose gel.
formed experiments in which increasing numbers of nucleotides were added to the termini of oligonucleotides containing restriction recognition sites. Then the ability of several restriction enzymes, frequently used for cloning, to cleave the resulting PCR products was evaluated.
Cleaved and uncleaved digestion products are very similar in size, and it is difficult to determine whether the cleavage was successful (6) . To increase the size difference between cleaved and uncleaved products by a factor of two, we generated a chimeric target sequence containing the same primer recognition sequence at both termini. To do this, we constructed a target sequence by PCR from the human immunodeficiency virus type 1 (HIV-1) nef region with primer NE1 (5 ′ -GAG-GAGGTGG GTTTTCCAGT-3 ′ ) and composite primer NE2/NE1 (5 ′ -GAG-GAGGTGG GTTTTCCAGT TTCCA-GTCCC CCCTTTTCTT-3 ′ ) containing the NE1 sequence in addition to a 20-bp 3 ′ -terminal nef sequence termed NE2. The resulting chimeric target sequence (125 bp) could thus be amplified with only one primer. The primers used for further amplification of the target sequence were composed of the sequence NE1, the enzyme recognition site and 0-3 additional nucleotides at the 5 ′ terminus (i.e., C, GC and TGC). For schematic depiction of this procedure, see Figure 1 . The PCR was performed by amplifying 1 ng of the chimeric nef fragment in a GeneAmp ® PCR System 2400 (Perkin-Elmer, Norwalk, CT, USA) for 45 cycles in 50 µ L of a solution containing 10 mM Tris-HCl, pH 8.8, 1.5 mM MgCl 2 , 50 mM KCl, 0.1% Triton ® X-100, 200 µ M each dNTP, 1 U Dynazyme (Finnzymes Oy, Espoo, Finland) and 1 µ g primer. Alternatively, AmpliTaq ® DNA Polymerase (PerkinElmer) was used for PCR, always yielding the same results. Each cycle consisted of denaturation at 94°C for 30 s, annealing at 55°C for 30 s and synthesis at 72°C for 45 s (final incubation at 72°C for 1 min). The amplified fragments were purified by Amicon ® Microcon ® -100 Microconcentrators (Millipore, Bedford, MA, USA) according to the manufacturer's instructions. Alternatively, the PCR products were also purified by ethanol precipitation. Aliquots of 10-50 ng of the fragments purified by one of the two Vol. 24, No. 4 (1998) Figure 2 . Ability of restriction endonuclease Sac I to cleave the termini of PCR products. A chimeric HIV-1 nef fragment was PCR-amplified with primers containing the restriction endonuclease recognition site of Sac I and 0-3 additional terminal nucleotides. The PCR products were purified and digested with Sac I, and the samples were run for analysis (1 × TBE) in comparison to undigested products on a 3.5% low-melting agarose gel stained with ethidium bromide. Lane 1: Msp I digest of pBR322; lanes 2, 4, 6 and 8: undigested PCR products containing 0, 1, 2 and 3 additional terminal base pairs; lanes 3, 5, 7 and 9: digested PCR products containing 0, 1, 2 and 3 terminal base pairs.
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Results show the ability of restriction endonucleases to cleave the respective recognition sites at the termini of PCR products depending on the number of base pairs (0-3) added to the terminus. Cleavable: +, not cleavable: -, cleavage not always reproducible: ± . methods were digested in 10 µ L of the respective buffer supplied by the manufacturer (Boehringer Mannheim GmbH, Mannheim, Germany) with 0.5 U of the appropriate restriction endonuclease (Boehringer Mannheim GmbH) for 45 min at 37°C. The experiments were repeated at least twice, and the digested products were analyzed in comparison to undigested fragments on a 3.5% NuSieve ® GTG Agarose Gel (FMC BioProducts, Rockland, ME, USA) stained with ethidium bromide (running buffer was 1 × TBE: 108 g Tris base, 55 g boric acid and 7.4 g EDTA added to 1000 mL distilled water). A typical example of such an analysis, using the restriction enzyme Sac I, is shown in Figure 2 . In this experiment, Sac I was not able to cleave fragments containing an enzyme recognition site with either no additional base pairs or one, but the digestion was successful after the addition of at least two terminal base pairs. The results of all experiments are summarized in Table 1 . The two enzymes Sal I and Spe I were able to digest all PCR products, even without the addition of terminal base pairs, whereas most enzymes needed two additional base pairs, and three enzymes ( Apa I, Pst I and Xho I) needed three additional base pairs for successful attachment to the cleavage site. However, none of the enzymes tested required more than three additional base pairs. These data show that the concerns of Jung et al. (2), who assumed that the addition of three to four extra bases might not be sufficient for successful attachment of restriction enzymes, might not be justified in all cases. The assay, as described here, resulted either in a majority of digested or undigested products; small percentages of either cleaved or uncleaved products were usually not observed. This may be due to the sensitivity of the detection system used, which usually allowed us to visualize only the majority of the cleavage products. However, this does not interfere with the validity of the results presented here, because cloning will be successful in the presence of a majority of cleaved products.
In conclusion, knowledge of the number of base pairs that have to be added to the termini of PCR products to ensure successful cleavage by restriction enzymes will be helpful for cloning of PCR products with overhanging ends. The method for testing efficient digestion as described in this study will also be easily applicable for other restriction endonucleases not listed here. However, because we have not cloned our products into vectors, it is possible that a cloning assay could result in data that differ from our simple analysis described in Figure 1 .
